This study assessed the activity of head direction (HD) cells during performance of a spatial reference memory task on a radial arm maze. Rats were trained to select a maze arm located in a constant position in relation to a salient extramaze visual landmark. HD cell discharge properties remained relatively stable across task acquisition in most rats. Following acquisition, rotation of the landmark by 90° or 180° usually led to a corresponding shift in the maze arm selected and the HD cell's preferred firing direction. When the cell's preferred direction did not shift, rats usually selected the wrong arm. HD cell activity was not influenced by the rat's approach to the goal, reward consumption, or exit from the reward area. This demonstration of landmark control over behavior and the cell's preferred direction supports the hypothesis that HD cells contribute to an absolute representation of the environment that can be used to guide spatial behavior.
Single-unit electrophysiological studies have identified two major types of allocentric spatial neurons-place cells and head direction (HD) cells-that may provide a neural substrate for spatial behavior. Place cells were initially identified in the rodent hippocampus (O'Keefe & Dostrovsky, 1971) and are characterized by their selective discharge in a specific region of an environment-the cell's place field. The discovery of this class of neurons provided support for the notion that a "cognitive map"-like representation of an animal's environment is present in the hippocampus and can be used to guide spatial behavior (O'Keefe & Nadel, 1978) . More recently, a second class of spatially selective cells, termed HD cells, have been described in the postsubiculum (PoS; Ranck, 1984; Taube et al., 1990a) , the anterior thalamic nucleus (ATN; Taube, 1995) , the lateral dorsal thalamus (Mizumori & Williams, 1993) , and, to a lesser extent, the retrosplenial cortex (Chen, Lin, Green, Barnes, & McNaughton, 1994) and striatum (Wiener, 1993) . These cells fire selectively when an animal points its head in a specific direction in the horizontal plane (referred to as the preferred direction) and are independent of the animal's body position or current behavior.
A number of studies have implicated the involvement of place cells in animals' spatial behavior. For example, O'Keefe and Speakman (1987) examined the activity of place cells while a rat performed both reference and working-memory versions of a plus maze. The rats were initially trained in the presence of several cues but were later tested with them absent. One of the principal findings from Paul A. Dudchenko and Jeffrey S. Taube, Department of Psychology, Dartmouth College.
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Correspondence concerning this article should be addressed to Jeffrey S. Taube, Dartmouth College, Department of Psychology, 6207 Gerry Hall, Hanover, New Hampshire 03755. Electronic mail may be sent via Internet tojeffrey.taube@dartmouth.edu. this study was that the rats' choice of a goal arm in the absence of the cues reflected the same spatial relationship to the place field as in the presence of the cues. This result is consistent with the hypothesis that the representation of an environment coded by place cells can guide an animal's goal-directed spatial behavior in that environment. In contrast to place cells, and despite several behavioral studies that have shown that lesions of brain areas that contain HD cells lead to impaired performance on spatial tasks (Sutherland & Rodriquez, 1989; Taube, Kesslak, & Cotman, 1992) , the role of HD cells in behavior has not been well characterized.
One study that did examine the role of HD cells and spatial behavior was conducted by Mizumori and Williams (1993) . They recorded from directionally tuned neurons in the lateral dorsal thalamic nucleus while animals performed a working-memory eight-arm radial maze task. The primary results in this study was the demonstration that HD cells could also be found in the lateral dorsal thalamus and that the directional orientation of these cells was influenced by the availability of visual information. Although the role of these cells in spatial behavior was not directly assessed in this study, their role in behavior was suggested by observations on trials conducted in the dark, where the animal's behavioral performance decreased in parallel with a reduction in the cell's directional specificity. This relationship was also implied by their results when assessing HD cell activity across task acquisition in two animals. Specifically, Mizumori and Williams reported that a significant negative correlation was observed between the directional specificity of HD cell discharge and the number of errors made by the animal. Thus, better performance was correlated with greater directional specificity in HD cell activity across training days. Although these data implicate HD cell activity in spatially guided behavior, they do not provide a direct correlation between the responses of HD cells and an animal's spatial behavior following manipulation of spatial landmarks in an environment. The demonstration of this relationship was the primary aim of the present study. In addition to showing location-specific firing, single-unit studies of hippocampal complex spike cells have also revealed that these cells contain additional, nonspatial correlates. For example, several studies have shown that hippocampal cell activity can be correlated with specific behaviors in a conditioned-emotional response paradigm (Berger & Thompson, 1978; Best & Thompson, 1984) , an olfactory discrimination task (Wiener, Paul, & Eichenbaum, 1989) , or a delayed-matching-to-sample task (Hampson, Heyser, & Deadwyler, 1993) . In each of these circumstances, the hippocampal cell discharged in relation to some nonspatial aspect of the task. For two of these studies, the cells that showed activity time-locked to specific behaviors in a nonspatial task were also shown to contain locationspecific discharge when the cells were monitored in an open field, food-pellet retrieval task (Best & Thompson, 1984; Wiener et al., 1989) . Furthermore, other studies have suggested that "place" cell activity may also be responsive to reward location (Breese, Hampson, & Deadwyler, 1989) , local cue correlates (Young, Fox, & Eichenbaum, 1994) , and different phases of working-memory tasks (Olton, Wible, Pang, & Sakurai, 1989; Wible et al., 1986) . These results provide support for a relational hypothesis of hippocampal function (e.g., Cohen & Eichenbaum, 1991 , 1993 , which maintains that the hippocampus encodes relations between cues that may or may not be spatial depending on the task context. In contrast to hippocampal place cells, the extent to which HD cells may discharge in a nonspatial, time-locked manner to specific aspects of a behavioral task is not known.
In the present study, the activity of HD cells in the PoS and ATN were examined in rats as they performed a spatial reference memory task on the radial arm maze. Our primary aim was to determine whether HD cell activity and the rat's spatial behavior would be correlated following rotation of a salient extramaze landmark that defined the reward location. Thus, we were specifically interested in addressing the following question: Can an animal's spatial behavior be predicted by the preferred firing direction of HD cells? The demonstration of a correspondence between an animal's maze behavior and the orientation of its HD cells would represent an important step in the elucidation of the neural mechanisms underlying spatial abilities. In addition, we were interested in whether HD cells would contain other nonspatial, time-locked correlates while the rats perform a spatial task and whether HD cell activity would change over the course of acquisition or when learning a new reward location.
Method
The single-unit recording methods used in this study were similar to those described previously (Taube, 1995; Taube et al., 1990a) and are briefly outlined below.
Food Pellet Retrieval Training
Before electrode implantation, 8 Long-Evans female rats (ages 3-4 months) were placed on a food-restricted diet (10-15 g/day) and trained to retrieve 20 nig food pellets delivered randomly into a gray cylinder. The cylinder (76 cm diameter, 51 cm high) contained a white cue card taped to the wall covering 110° of the arc (see Taube el al., 1990a) and was centered within a curtained enclosure. This enclosure was circular and was formed by attaching black curtains to a 2-m diameter copper ring suspended 10 cm from the ceiling. A color video camera was suspended from the ceiling and pointed over the cylinder. The experimenter sat outside the curtained enclosure while observing a video monitor and tossing food pellets over the curtain and into the cylinder. The enclosed area was illuminated by four symmetrically arranged overhead lights.
Electrode Construction and Implantation
Electrodes were constructed based on the design of Kubie (1984) using 10 lengths of 25 um diameter nichrome wire (California Fine Wire, Grover City, CA) threaded through a stainless steel cannula and attached to a modified Augat connector. The base of the connector was embedded in dental acrylic together with three inverted screws, which permitted the movement of the electrode in the dorsal-ventral plane following attachment to the rat's skull. Following learning of the food pellet retrieval task, rats were anesthetized with Nembutal (45 mg/kg) and treated with atropine sulfate (25 mg/ml; 0.1 ml). The skull was exposed, small screws were attached to the skull, and the electrode was implanted at the following coordinates: ATN: anterior/posterior (AP) = -1.4, medial/ lateral (ML) = +1.4 (right hemisphere), dorsal/ventral (DV) = -4.0 from dura; PoS: AP = -6.6, ML = +2.8; and DV = -1.6 (based on Paxinos & Watson, 1986) .
HD Cell Screening
Following a 7-day surgery recovery period, rats were placed in the cylinder with the white cue card and were screened for HD cells. Each rat was brought into the room in its wire-mesh home cage, removed from the cage, brought into the curtained enclosure, and attached to the screening cable. The signal from each of the 10 electrode wires was examined individually for the presence of HD cell activity. The electrical signal was passed through a field-effect transistor (FET) in a source-follower configuration to an amplifier (Grass Instruments P511, West Warwick, RI) by way of a screening cable that ran from the FETs to an overhead commutator (Biela Idea Development, Anaheim, CA) and then to the amplifier. The signal was band-passed filtered (300-10,000 Hz, 6 dB/octave; Peavey Electronics PME8, Meridian, MS), passed through a dual window discriminator (Bak Electronics DDIS-1, Germantown, MD), and displayed on an oscilloscope (Tektronix 5113, Beavertown, OR). When a unit was identified that could be sufficiently isolated from background activity, it was recorded using a videocomputer tracking system (Eberle Electronics, Brooklyn, NY) that monitored the position of a red and green light-emitting-diode (LED) attached to the rat's head stage. The LEDs were spaced 10 cm apart along the body axis of the rat, with the red LED corresponding to the position of the ral's snout, the green LED corresponding to the position of the rat's back, and the computed position of the rat in the environment corresponding to a position 2.5 cm behind the red LED and 7.5 cm in front of the green LED. The x-and y-coordinates of each LED were determined by assessing the video image as a 256 X 256 grid, with each subregion (pixel) representing a 3.8 X 3.8 mm area in the cylinder. A wide-angle video lens was used for monitoring the rat in the radial arm maze; with this lens, each pixel represented a 6.9 X 6.9 mm area of space. The maximum resolution of the rat's head direction in the horizontal plane with the above LED separation and pixel size was approximately 2° in the cylinder and 6° in the radial arm maze. Tilt of the rat's head in the vertical plane reduced this resolution. Cell activity (as represented by transistor-transistor logic (TTL) pulses from waveforms that fell within the limits of the window discriminator) was monitored at the same time and passed to a computer that sampled both these data and the LED positions at 60 Hz via an input-output board (National Instruments DIO-32, Macintosh Ilfx). The data were analyzed off-line using programs written with Lab View 2.2 software.
Behavioral Training on the Radial Arm Maze
Before training on the radial arm maze, rats were mildly deprived of food (10-15 g/day) and screened for HD cells in the gray cylinder. The experimenter threw food pellets over the curtain into the cylinder to ensure that the rats moved about during screening. In 4 of the 8 rats, training on the maze was conducted following identification of an HD cell in the cylinder. In the remaining 4 rats, training on the radial arm maze was conducted before the recording of any HD cells. This latter procedure was adopted because it was difficult to maintain good isolation of an HD cell over several weeks during acquisition. The radial arm maze was placed in the center of the curtained enclosure (described above) on top of an overturned 5-gallon bucket (diameter = 26 cm; height = 34 cm). A white cloth sheet was placed over the black curtain and extended from the copper ring near the ceiling to the floor, covering approximately 48° of the curtained area's circumference. The white sheet was intended to serve as a salient orienting cue for the rat, comparable to the role of the white cue card in the gray cylinder. This sheet was positioned at 3 o'clock as viewed with the overhead video camera and was in approximately the same position with respect to the recording room as the white cue card in the cylinder. This position was referred to as 0° (see Figure 1) . The eight-arm maze (overall diameter = 1.29 m; center diameter = 23.8 cm; arm length = 52.7 cm; arm width = 9.8 cm; arm wall height = 9 cm [arm walls extended for only the first 25 cm of the arm]; food cups diameter = 3.8 cm) was set up in one of two configurations for individual rats: an eight-arm configuration in which all arms were open and a four-arm (plus-maze) configuration in which the entrance to alternating arms was restricted by the placement of a small wooden block at the beginning of each arm. Three rats were trained on the eight-arm configuration and 5 rats were trained on the four-arm version. The maze arms were numbered from one to eight consecutively in a counterclockwise (CCW) direction (see Figure 1 ). Rats were water deprived overnight and initially given two 8-min habituation sessions (usually on subsequent days) on the maze, where 0.4 ml water was placed in the cups at the end of each arm. Following this habituation, training in a simple reference memory spatial task commenced. The rat was given 6 or 10 trials daily on a task in which a single maze arm was consistently reinforced, whereas all other arms remained unbaited. Initially, the rat was permitted to make a maximum of four incorrect choices (unreinforced arms) on the plus maze configuration, or eight incorrect choices on the eight-arm configuration before being removed from the maze. If the rat selected the correct (reinforced) arm, it was permitted to consume the water in the cup and return to the center of the maze before being removed. Following each trial, the rats were placed in a large cardboard box and set outside the curtained enclosure. To control for intramaze cues, the experimenter rotated the maze 90° following each trial and then rebaited the "correct" arm. This arm thus maintained the same orientation in relation to the white curtain and the recording room but was a different arm of the maze itself. As the rat's performance improved, the number of arm choices permitted per trial was reduced to two. The position of the "correct" or reinforced maze arm in relation to the white curtain was different for each rat and is shown in Table 1 .
Rotation Manipulations
Individual rats were trained until they reliably selected the correct arm within their first two choices when placed on the maze with the curtain in the standard configuration. (Note: The initial rats tested were given 6 trials with the maze in the standard configuration. To increase the amount of sampling at different HD orientations, we increased the number of trials to 10 for later animals.) Reliable choice of the correct arm was defined as selection of the correct arm (within two choices) on 8 of 10 trials for rats given 10 trials, or on 5 of 6 trials for rats given 6 trials. Once a rat reached this level of performance, it was tested with a manipulation of the white curtain while the activity of the HD cell was monitored (see
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tandard Configuration 90° Curtain Rotation 180° Curtain Rotation Figure 1 . Schematic illustration of the maze apparatus in the training and rotation configurations. Maze arms are numbered from 1 to 8 in a counterclockwise direction, and the white curtain is represented as a small arc at the 0° position in the standard configuration. Rats were initially trained to select a specific maze arm in relation to the cue curtain in the standard configuration (left), while head direction cell activity was simultaneously monitored. With the rat out of view, the white curtain was then rotated either 90° (center) or 180° (right) and another set of trials run. Figure 1 ). On the day of testing, the rat was brought into the recording room in its wire-mesh home cage (similar to how it had been brought in during daily screening sessions), removed from the cage, and attached to the recording cable. The HD cell was first monitored during an 8-min session in the gray cylinder with the white cue card. The rat was then placed in an opaque cardboard box and set outside the curtained enclosure while the experimenter removed the cylinder and set up the radial arm maze. The rat was then placed on the maze, and the HD cell was recorded for 6 or 10 trials. After each individual trial, the rat was placed in the cardboard box and moved outside the curtained enclosure to 1 of 3 random locations while the experimenter rotated the maze 90°. Following the 6 or 10 trials with the curtain in the standard configuration, the white cue curtain was rotated 90° CCW, and the appropriate arm relative to the cue curtain was baited with water. The rat was then tested for an additional 6 to 10 trials with the curtain in the rotated position. If a HD cell was maintained on subsequent days, this manipulation was repeated with a 180° cue curtain rotation. Finally, in 1 rat, it was possible to continue recording a HD cell until die rat had been trained to select a different arm in relation to the cue curtain. The 90° curtain rotation manipulation WHS similarly performed following this second acquisilion.
Data Analysis
Graphs of firing rate as a function of the rat's head direction were constructed for each session in the cylinder. Individual trials in the radial arm maze were usually summed (however, see exceptions in the Results section), and firing rate versus head direction functions were also constructed for radial arm maze sessions. Using the terminology and procedures adopted in previous work (Taube et al., 1990a) , we determined several parameters for each HD cell from the firing rate versus head direction function: (a) preferred firing direction, (b) peak firing rate, (c) directional firing range, and (d) background firing rate. The amount of shift in the cell's preferred direction between sessions was calculated by shifting the firing rate versus head direction function of the rotation session in 6°i ncrements to obtain the highest correlation with the cell's firing rate versus head direction function in the standard curtain configuration. Thus, this degree shift was the amount of shift necessary to maximize the correlation of the firing rate versus head direction functions between the standard and rotation conditions. For the rats' maze behavior (i.e., accuracy in arm selection), the mean angle of sample was calculated for the curtain rotation trials (Batshelet, 1981) . In brief, each arm choice was assigned a degree value (e.g., 45°, 90°) on the basis of its CCW position relative to the standard reinforced arm (defined as 0°). The cosine and sine of these degree values were summed separately and divided by the total number of arm choices to yield a mean cosine (x) and sine (_y) value. The mean angle of the sample was then determined by one of the following two equations:
Mean angle of the sample = arctan (y/x) ifx > 0; or
The mean direction of sample for the rats' behavior was then compared with the amount of shift in the HD cell's preferred direction using a Pearson correlation. A two-tailed Student's t test was used to assess the null hypothesis that r = 0.
Histology
Following completion of the experiments, each rat was overdosed with sodium pentobarbital, and a small current (15 uA for 10 s) was placed through one of the electrode wires to permit a Prussian blue reaction. This procedure was used for 7 of 8 rats (1 rat died before completion of the experiment). The rats were then perfused with saline followed by 10% formalin, and the brains were removed and placed in a 10% formalin solution for at least 24 hr. Each brain was placed in a 10% formalin/2% potassium ferrocyanide solution for 24 hr and then in 10% formalin for an additional 24 hr, followed by immersion in a 20% sucrose solution for at least 24 hr. The brains were sectioned (30 urn) in the coronal plane and stained with cresyl violet. Inspection of the stained sections for each subject confirmed that the electrodes had passed through the PoS or the ATN.
Results
HD cells were identified and recorded from 8 rats (7 with electrodes in the ATN; 1 in the PoS). As the responses of HD cells to cue rotations appear to be identical when multiple cells are recorded simultaneously, each rat contributed only one HD cell to the data set. In addition, because the PoS HD cell responses to environmental manipulations in this study were indistinguishable from cells recorded in the ATN, the data were grouped together. In 4 of the rats, recording of the HD cell was possible during acquisition of the maze task. As mentioned earlier, the remaining rats were trained on the radial arm maze task before the recording of HD cells on the maze. Once the rat reached a criterion level of performance on the arm maze, the white cue curtain was rotated in 90° or 180° increments. Figure 2A is a gray-scale illustration showing the firing rates of a typical HD cell recorded on the radial arm maze during the initial acclimation periods (two 8-min sessions). The center map shows the HD cell's firing rates independent of the rat's head orientation, whereas the outer surrounding rate maps show the cell's activity based on the rat's head direction in different 45° ranges. For example, the rate map at the 12 o'clock position reflects the activity of the cell as the rat pointed its head at 90° (± 22.5°) anywhere on the maze. Each shade of gray represents a particular range of firing rates, with darker shades indicating successively higher firing rates. White areas represent locations that the rat did not sample in that direction. The figure shows that the cell's directional activity is maintained on the maze, with the majority of high firing rates associated with maps at head directions of 135° and 180°. Although the activity of the cell in Figure 2A was more pronounced in maze arms that were oriented in the preferred direction, discharge was also observed as the rat pointed its head in the cell's preferred direction on several different arms. By comparing the activity of the HD cell in this example on the same arm when the rat was facing the preferred direction, as opposed to facing the opposite direction (315°-360°), it is apparent that the cell responds specifically to head direction and not to specific arm location. Furthermore, it is clear from these plots that, except for Arm 7 (see below), the HD cell discharged at high firing rates at the ends of each maze arm when the rat turned around and returned to the maze center. In contrast, an earlier study on HD cells in the lateral dorsal thalamus did not consistently show this type of activity at the ends of every maze arm (e.g., see Mizumori & Williams, 1993 , Figures 2 and 7) .
HD Cells Recorded on the Radial Arm Maze
There appeared to be a decrement in firing rate on Arm 7 in the peripheral plot at 9 o'clock. Ideally, HD cell discharge should be observed on all arms of the maze when the rat's head is oriented in the preferred firing direction; thus, the decrement present on Arm 7 suggests that the rat's location may also have been a partial determinant in this cell's activity. However, aspects of the maze construction and the pattern of the rat's movements may have limited the sampling in this location. Specifically, the first half of each arm contained walls that prevented the rats jumping from one arm to the next without returning to the maze center, and the rat's return paths back to the maze center were usually straight lines through this portion of the arm. Thus, in Figure  2A , this region of the maze was undersampled in Arm 7 around 180°. In addition, this rat may have usually turned its head CCW at the end of the arm when it finished drinking and returned to the maze center. This behavior would also have led to poor sampling of the rat's directional heading at the end of this arm. Both of these factors may have led to poor sampling in these locations and an apparent decrement in firing on Arm 7.
The firing rate of this cell is graphed as a function of head direction in Figure 2B , where it is again evident that this HD cell was most active when the rat's head was oriented around 170°. The firing rate maps of HD cells in the other rats were similar to the one shown in Figure 2 , except that they discharged in a different direction.
All HD cells identified in the cylindrical apparatus maintained directional firing on the radial arm maze, though a shift in the cells' preferred direction was sometimes observed. This result illustrates an important distinction between HD and place cells: Whereas HD cells maintained their directional firing when the rat was placed in a different environment, under similar situations, place cells either ceased discharging or altered their firing fields significantly (e.g., Kubie & Ranck, 1983) . Each HD cell recorded in the present study discharged as a function of the rat's directional heading on the first day of exposure to the radial arm maze and continued to discharge in a directional manner throughout acquisition of the spatial task, The mean shift in the preferred direction between a session in the cylinder and a session on the radial arm maze on the last day of training (correct trials only) was 40.7° ± 17.4° (n = 8; range = 6° -158°; 2 rats had directional shifts between 0° and 18°; 4 rats had directional shifts between 18° and 30°; and 2 rats had directional shifts greater than 30°). The similarity in the preferred directions between the two apparatuses may be a product of the similar, though not identical, position of the cue card and white curtain in relation to the center of the curtained enclosure. Alternatively, constant room cues may have provided a common reference point in both situations. A greater similarity of preferred directions in the two situations may not have been observed because of the relative differences in the size of the cue card (which occupied -110° of the cylinder circumference) and the white curtain (which occupied ~-48° of the black curtain circumference). Table 2 shows the means (± SEM) for background firing rate, directional firing range, and peak firing rate of the recorded HD cells in the cylinder and for the radial arm maze standard trials on the day the 90° curtain rotation sessions were conducted. Paired t tests showed that there were no significant differences in these cell parameters between the cylinder and radial arm maze (p > .05).
Rotations of the Cue Curtain
After 6 to 10 trials on the maze with reliable selection of the reinforced arm, the rat was removed from the curtained enclosure, and the white cue curtain was rotated 90° in a CCW direction. To prevent extinction of the arm choice behavior, we baited the rotationally appropriate maze arm with water reinforcement. We continued testing with the curtain in the rotated position for an additional 6 to 10 trials while simultaneously monitoring the rat's arm choices and HD cell activity. Figure 3 shows the firing rate versus head direction plots from 2 rats along with the maze arms selected for each trial. For us to achieve a satisfactory sampling of all possible head orientations, the data in this and all subsequent plots (except where noted) represent the summation of me HD cell activity and the rat's orientation for all standard or rotated trials. The plots of HD cell firing activity in Figure 3 show that in both instances the cell's preferred direction shifted about 90° in a CCW direction following rotation of the white curtain (increasing degree values on the abscissa Head Direction (degrees) 360 reflect CCW shifts). The maze arms selected by each rat in the standard condition were usually accurate-the "correct" reinforced arm was selected first on every trial for the rat in Figure 3B and within the rat's first two arm choices in Figure  3A . The arm choices following the curtain rotation were also predominantly shifted 90° CCW, thus maintaining the same spatial relationship with respect to the cue curtain as in the standard trials. In Figure 3B the rat chose both the previously correct arm (Arm 1) and the rotationally correct arm (Arm 3) on the fourth trial following rotation. Unfortunately, the amount of head direction sampling for this trial alone was insufficient to examine the arm choices individually. This analysis was possible when a larger number of incorrect responses was made (see below). In Figure 3A , note that the rotationally appropriate arm (Arm 6) was chosen most frequently, followed by the adjacent arms (Arms 5 and 7), whereas the previously correct arm (Arm 4) was never chosen during the curtain rotation trials. Thus, the arms selected by this rat during the rotation trials were ones that maintained their spatial relationship with the white curtain. In all rats tested (n = 8), rotation of the cue curtain by 90°w as associated with a corresponding shift of the HD cell's preferred direction and apparent maze arm choices. Inspection of the firing rate versus head direction plots for each rotation session revealed no systematic changes in the peak firing rate or directional firing range following curtain rotation, although in several instances small increases or decreases in peak firing rate were observed (e.g., Figure 3B : a small increase in firing rate is observed following rotation; Figure 3A : a small decrease in peak firing rate is observed following rotation). Figure 4 shows the recordings from multiple HD cells in the same rat following a 90° curtain rotation. The left and right plots show the activity of cells recorded simultaneously on different electrode wires for standard and curtain-rotated trials. In the left plot, firing rate peaks were observed around 102° and 324° in the standard condition, whereas in the right plot, a single directional peak was observed around 324° on a different electrode in the standard condition. The fact that these cells were observed on separate electrodes and that only one of them contains multiple peaks suggests that more than one HD cell was sampled in this case, although it is difficult to determine whether the firing rate peaks of 324° on both electrodes are the same cell. The rat's arm selections, reported in the left plot, show that the rat chose the correct arm most of the time in both the standard (Arm 4) and 90°r otated (Arm 6) curtain configurations. As in the results shown in Figure 3 , the firing rate versus head direction functions were shifted about 90° during the curtain rotation trials. The identical shift in the simultaneously recorded cells is consistent with previous observations from multiple HD cell recordings (Goodridge & Taube, 1995; Taube & Burton, 1995; Taube, Muller, & Ranck, 1990b) and suggests that a large (if not the entire) population of HD cells within a specific area respond in the same way to environmental manipulations.
In the two 90° curtain rotation sessions, rats were tested with probe trials in which both the rotationally correct and the previously correct maze arms were baited. If the rats were relying solely on the detection of the reinforcement in making their arm selections (e.g., olfactory or visual detection of the water), one would expect them to choose the
Figure 2 (opposite).
Head direction (HD) cell discharge on the radial arm maze. A: Gray-scale firing rate maps showing the HD cell's firing rate as a function of head direction and location on the radial arm maze (peripheral plots). Each peripheral map represents a 45° range of head directions centered on the arrow pointing to the particular map. Locations in the peripheral maps where the rat did not sample the particular direction are indicated in white. The center map shows the cell's firing rate as a function of only location (direction independent). The numbers in the left and right columns of the key indicate the maximum firing rates (spikes/s) for each gray-scale category for the peripheral and center rate maps, respectively. The peripheral maps indicate that the HD cell discharged at higher firing rates when the rat's head was pointing in the range 135°-180°. For the rate maps at the 9:00 and 10:30 positions, note that the cell discharged at the high firing rate at most locations on the maze. This high firing rate was seldom observed in the other peripheral maps. B: Firing rate versus head direction function for the cell shown in A. Note that the range of head directions for which the cell's firing rate was elevated above background levels (directional firing range) occurred at 120° to 210°a nd corresponds to the high firing rates observed in the peripheral rate maps at the 9:00 to 10:30 positions on the maze. 
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previously correct arm approximately half the time on these probe sessions. However, results showed that both rats always chose the rotationally correct arm, suggesting that these rats were not relying on the detection of the reinforcement location alone to guide their responses. Figure 5 is an illustration of HD cell activity and maze arm choices exhibited by 2 rats following a 180° rotation of the cue curtain. Examination of the firing rate versus head direction graphs in both instances shows that a corresponding shift in preferred direction occurred with rotation of the curtain (see Figure 5A , shift = 162°; Figure 5B , shift = 168°). Again, in each of these examples, the rat selected the reinforced arm (see Figure 5A , Arm 1; Figure 5B , Arm 5) within its first two choices upon being placed on the maze with the curtain in the standard position. Following a 180°r otation of the curtain, the arms selected by the rat also shifted about 180° to maintain the originally learned relationship with the cue curtain. Examination of the plots of HD cell firing rate in both instances reveals a corresponding shift in the cell's preferred direction during the curtain rotation trials. In the majority of rats (5 of 7) in which 180° curtain rotations were conducted, rotation of the cue curtain was associated with a corresponding shift of the cell's preferred direction and a similar shift in the selection of maze arms. The two instances in which the HD cell's preferred direction did not shift in correspondence with the cue curtain are discussed below. In addition, as in the 90° curtain rotations, inspection of the firing rate versus head direction plots for each 180° rotation revealed no systematic changes in peak firing rate or directional firing range.
Examination of the rats' first maze arm choices following the 90° and 180° curtain rotations (14 sessions: eight 90°r otations and six 180° rotations) revealed that in the majority of trials (9 of 15) the rat selected the rotationally correct arm on the first postrotation trial. In only a small number of trials (3 of 15; all of which were following 180° rotations) was the previously correct maze arm selected, and in 2 of these 3 instances both the HD cell's preferred direction and the rat's arm choices did not shift with the curtain rotation.
To assess the extent to which shifts in the HD cell's preferred direction were accompanied by similar shifts in the rats' maze arm selections, we correlated the two variables using the data from both the 90° and 180° rotation sessions following the initial maze arm training. To determine the shift in the rats' arm selections following rotation of the curtain, we computed a mean direction for the arm choices (compared with the standard arm) (Batshelet, 1981) . This calculation produces an average direction of all the rat's arm choices following curtain rotation. The shift in the HD cell's preferred direction was calculated by determining the amount of shift necessary to maximize the correlation between the prerotation and postrotation firing rate versus head direction functions. A scatter plot of these data (see Figure 6) shows that a positive correlation was observed between the shift in the HD cell's preferred direction and the mean arm choice direction (r = .816; n = 15). This correlation was significantly higher than what would be expected by chance, f(13) = 5.09, p < .01. The two apparent clusters of points correspond to the 90° and 180° rotations, respectively. The two filled circles (one exhibiting a shift in the cell's preferred Shift in HD Cell Preferred Direction (") Figure 6 . Correlation between the amount of shift in the head direction (HD) cell's preferred direction and amount of shift in the mean angle of maze arm choice. A significant positive correlation (r -.816; p < .01) was observed between the shift in HD cell's preferred direction and the shift in maze arm choices (mean angle of sample for maze arms) for the 90° and 180° curtain rotations. The two filled circles on the graph represent the data points from the two instances in which rotation of the curtain was not associated with a corresponding shift in the HD cell's preferred direction or the rat's maze arm selections. Both of these instances were observed following 180° rotations of the curtain. Each point in the scattergram represents the data from all trials (6 or 10) in a specific curtain rotation session.
direction of -100° and the other -0°) were both observed with the 180° rotation of the cue curtain and were associated with frequent incorrect arm selections. The reason for the lack of rotation in these two instances is unclear. With the exception of these two points, however, the relationship between the shift in the HD cell's preferred direction and the mean arm choice direction provides correlational evidence for the hypothesis that the orientation provided by HD cells contributes to the guidance of an animal's spatial behavior. In addition, the finding that the shifts in HD cells' preferred directions following rotation of the cue curtain generally corresponded to the magnitude of the curtain rotation (i.e., intermediate shifts were generally not observed) suggests that the cue curtain overrode any alternative sources of orientation information.
HD Cell Activity Over the Acquisition of the Radial Arm Maze Task
In 4 rats, it was possible to record HD cells as the rats learned the radial arm maze task. Because it was difficult to maintain isolation of individual HD cells over the number of sessions required for acquisition of the maze task, only 4 rats contributed to this data set. To illustrate changes in the HD cell activity over training, we plotted initial recording sessions in the cylinder and the maze with the criterion session preceding rotation of the cue curtain. Figure 7 illustrates the results of 1 rat. In each plot, the solid lines show the results from the initial session in the cylinder or the radial arm maze at the start of acquisition, and the dashed lines show the responses on the final day of maze training when the rat reached the criterion level of performance. For this HD cell, the initial preferred direction was similar in the cylinder and the maze. The final preferred direction was also similar in the cylinder and the maze but was shifted CW in relation to the initial orientation. This rat was rewarded on Arm 4 (-160°); thus the change in preferred direction between the initial and final sessions was away from the direction of the rewarded arm. Because the rat was familiar Mead Direction (degrees) Figure 7 . Changes in anterior thalamic nucleus head direction (HD) cell activity across training sessions. A: Cell's responses when recorded on the radial arm maze in the initial and final sessions of training (before rotation of the cue curtain). B: Cell's responses when recorded in the cylinder on the same day. Note that the peak firing rates and directional firing ranges are similar between the initial and final training sessions. Although the cell's preferred direction differed between the initial and final sessions, it was similar within each session on a particular day (i.e., between the cylinder and maze).
with the cylindrical apparatus before training on the maze (having been screened for about 12 weeks in the cylinder before identification of the HD cell), the shift in the cell's preferred direction in both the cylinder and the maze does not appear to be the product of the rat's experience with the maze itself. Similar shifts in the preferred direction recorded in the same environment across several weeks have been occasionally observed in our laboratory (unpublished observations) and others (Knierim, Kudrimoti, & McNaughton, 1995) . The mechanisms underlying these shifts remain unclear, although they may be attributed to the degree to which the rat perceives the external cues in the cylinder as stable compared with its internal spatial representation it had just before entering the recording room.
It is important to note that the cell's other discharge parameters, such as peak firing rate, and its directional firing range did not change through the course of training on the radial arm maze. There was a decrease in the background firing rate between the initial and final maze sessions; this decrease was also observed in a 2nd rat. However, this change in background firing rate was not observed in the other three HD cells recorded across acquisition in 2 rats. These findings are different from results reported for HD cells in the lateral dorsal thalamus, in which Mizumori and Williams (1993) reported that cells increased their degree of "directionality" as the animals learned a working-memory radial arm maze task.
In 3 of the animals recorded across acquisition, the preferred directions and directional firing ranges were similar in the initial and final (precurtain rotation session) recordings, although the peak firing rates differed. However, in each case, the change in the peak firing rate was attributed to changes in the isolatability of the cell from background electrical noise across weeks of training, because changes in the peak firing rate occurred in both the cylinder and radial arm maze. Taken together, there was little evidence to suggest that HD cells changed their discharge properties in a systematic way across weeks of training and recording. What property changes we did observe in the radial arm maze also occurred in the cylinder, and thus may be attributed to changes in the isolatability of the cell rather than to actual changes in the cell's discharge pattern.
Acquisition of a Second Spatial Association
In 1 rat, it was possible to record from the same HD cell during the acquisition of a second spatial association. Following acquisition of the task and testing in the initial curtain rotation trials, the rat was trained with the water reward on a new maze arm relative to the cue curtain. Figure  8A shows the arm choices and HD cell activity during an initial 90° rotation of the cue curtain from this rat. Note that at the end of the initial training period, this rat reliably selected Arm 8 (the initially reinforced arm) in the standard curtain configuration and the rotationally equivalent arm following the rotation of the cue curtain. Figure SB Head Direction (degrees) Figure 8 . A 90° counterclockwise (CCW) rotation of the curtain following training on a second maze arm. A: This rat was initially trained to select Arm 8 in an eight-arm version of the maze task. Rotation of the curtain was associated with near-equivalent shifts in the HD cell's preferred direction and the selection of the rotationally appropriate maze arm (Arm 2). B: The same rat shown in A was subsequently trained to select a new maze arm (Arm 4). Note that a similar preferred direction was maintained even though the rat reliably selected a different arm from the initial standard configuration. Rotation of the curtain was again associated with corresponding shifts in the HD cell's preferred direction and the selection of the rotationally appropriate arm (Arm 6). This HD cell was recorded in the postsubiculum.
The rat consistently selected the new reinforced arm in the standard condition and the rotationally equivalent arm following rotation of the cue curtain. There was little change in the cell's discharge parameters as the rat learned the new goal arm. The preferred direction and directional firing range remained relatively stable between the standard configuration conditions across both learning paradigms. Taken together, these plots reveal that despite the difference in the specific maze arm that was reinforced in relation to the cue curtain, the HD cell's preferred direction remained the same, and the cue curtain continued to exhibit stimulus control over the cell's activity. The results from this rat suggest that the acquisition of a new spatial association did not influence the preferred direction of HD cells. A previous study on place cells reported that the locations of firing fields shifted toward a single rewarded location when the number of rewarded places was changed from five to one (Breese et al., 1989) . However, this place-cell sensitivity to reward location was not found in a later study by Speakman and O'Keete (1990) . These authors examined the location of place fields on a plus maze in which only one arm was baited relative to several distinct extramaze cues. Similar to our present findings, Speakman and O'Keefe found that place-cell fields remained in the same position, even when the animals were trained to select an arm 180° opposite the initially trained arm. Our results with HD cells are thus comparable with these particular findings with place cells and suggest that the allocentric information coded by HD cells is not influenced by the position of reward.
HD Cell Orientation During Incorrect Responses
Following rotation of the cue curtain, rats occasionally chose arms other than the rotationally equivalent arm. In most cases, the number of incorrect choices was insufficient to provide adequate sampling for examination of HD cell activity during incorrect trials. In 1 rat, however, a large amount of variability was observed in the arm choices following rotation of the curtain, permitting a qualitative assessment of HD cell activity as a function of correct and incorrect maze arm choices. These data are shown in Figure  9 . With the curtain in the standard position, the rat was reinforced on Arm 1. For the 90° curtain rotation (see Figure  9A ), the cell's preferred direction shifted 90° CCW with rotation of the cue curtain on trials in which the rotationally correct arm (Arm 3) was chosen. In contrast, the cell's preferred direction only shifted 12° CCW (long dashed line) Head Direction (degrees) Figure 9 . Head direction (HD) cell orientation on correct and incorrect trials. A: This rat was trained to select Arm 1 in a four-arm version of the maze task. A 90° counterclockwise (CCW) rotation of the curtain was associated with both rotationally appropriate and a number of incorrect (but previously correct in the standard [Std.]configuration) arm choices. HD cell activity following rotation of the curtain was separated into episodes on the basis of the rat's responses (rotationally correct vs. incorrect). The figure shows that the cell's preferred direction on the rotationally correct trials exhibited a corresponding shift relative to the standard configuration. On trials when the rat selected the rotationally incorrect arm, the cell's preferred direction did not shift and was similar to that of the standard curtain configuration. Furthermore, this similarity in HD cell orientations is also reflected in the frequent selection of the previously correct arm (Arm 1) on the incorrect trials. Thus, both the cell's preferred direction and the rat's behavioral response were aligned. B: A 180° rotation of the curtain resulted in a corresponding shift of the HD cell's preferred direction on trials in which the rotationally correct arm (Arm 5) was selected and on trials in which the rotationally appropriate arm was not selected. However, the rat did not consume the water during these 180° curtain rotation trials. This HD cell was recorded in the anterior thalamic nucleus.
on trials in which rats made incorrect arm choices. The similarities in the HD cell orientations for the standard condition and the incorrect trials is also reflected in the specific arm choices made by the rat (i.e., the rat selected Arm 1 frequently in both the standard and incorrect trials). This correspondence between the cell's preferred direction and the rat's arm maze choices is consistent with the correlation shown in the scattergram of Figure 6 . In contrast, the correlation between the HD cell's preferred direction and the rat's arm selection was not observed in the 180° curtain rotation trials (see Figure 9B) . As was the case with the 90°c urtain rotation trials, this rat made both correct and incorrect arm choices following the 180° curtain rotation. Unlike the 90° curtain rotation trials, however, the HD cell's preferred direction exhibited a similar shift on both correct (176°) and incorrect (156°) trials. Thus, whereas an apparent correlation between the rat's correct and incorrect responses was observed with the 90° curtain rotation trials, this finding was not the case for the 180° curtain rotation. The only observed difference between the two rotation sessions was that in the 180° rotation session, the rat consumed the water reward available in the prerotation standard trials but did not do so during the rotation trials. Thus, one potential explanation of this finding is that the rat in this particular instance may have been less motivated to seek the water reward and thus selected different arms while still maintaining its orientation in relation to the cue curtain.
These results are similar to findings in a different rat that was trained on a second maze arm following the initial curtain rotations. In this rat, the HD cell that was monitored following the second maze arm acquisition was a different cell than the one recorded during the initial curtain manipulations. Following training on a second maze arm, this rat failed to select the rotationally appropriate maze arm when the white curtain was rotated 90°, and it continued to select the previously "correct" maze arm location. The absence of a shift in the behavioral response was also accompanied by a lack of shift in the HD cell's preferred direction. Thus, as was evident in the 90° incorrect responses described earlier, the HD cell's firing pattern and the rat's behavior were consistent, although both were independent of the white curtain for this set of trials. It is unclear whether the absence of a shift in the cell's preferred direction was specific to this cell or was the product of this rat's lack of reliance on the cue curtain following extensive training on the maze. This result is all the more interesting because the preferred direction of the initially recorded cell did shift during the curtain rotation trials. It is possible that with the extensive experience in the recording room associated with additional daily training on the maze, the rat began to orient to uncontrolled background cues in the environment. This notion is supported by the results following performance on the maze in the absence of a cue curtain (see below).
No-Cue Curtain Session
After the 90° and 180° curtain manipulations in 1 rat, a set of trials was conducted following the removal of the cue curtain. (This manipulation was not attempted in the other rat as it was expected to weaken the stimulus control exerted by the cue curtain over the rat's behavior and the cell's preferred direction.) The rat was given six trials on the maze with the curtain in the standard position, and then was given six additional trials on the maze in the absence of the curtain. To prevent the location of reward from serving as a cue in the absence of the curtain, we did not bait any arms on the curtainless trials. The HD cell and the rat's behavior in this session are shown in Figure 10 . It is interesting to note that the cell's preferred direction was maintained in the absence of the cue curtain. The previously correct maze arm (Arm 5) was also selected within the first two choices for every trial following removal of the curtain, although this arm was not reinforced. These results suggest that this rat may have used uncontrolled cues in the room to maintain its orientation in the absence of the cue curtain, although in the presence of the cue curtain, the curtain exerted stimulus control over the cell's preferred direction. Alternatively, if no uncontrolled cues were present in the environment, the rat may have relied on a path integration strategy to maintain its orientation in the absence of the cue curtain. This strategy would entail the maintenance of an initial orientation (provided by previous landmark cues) through internal systems (e.g., vestibular, motor efference copy) or optic flow. As our results demonstrate that rotation of the white cue curtain results in a corresponding shift in the HD cell's preferred direction, and as the no-cue curtain trials were immediately preceded by six trials with the cue curtain, the cue curtain should be sufficient to provide an initial orientation landmark for the rats. Recall that the rats were placed in an opaque box outside the curtained area between trials, but did Head Direction (degrees)
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Figure 10. Head direction (HD) cell orientation in the absence of the curtain. This rat was trained to select Arm 5 on a four-arm version of the maze task. Following six standard trials on the maze, the subject was given six additional trials in the absence of the curtain. On these trials, the HD cell's response was nearly identical to the response observed in the presence of the curtain. In addition, note that the rat frequently selected the arm that was reinforced in the standard trials when the curtain was present, even though no reinforcement was available on any arm for the trials without the curtain. This HD cell was recorded in the anterior thalamic nucleus.
not undergo thorough disorientation procedures before being returned to the radial arm maze. This procedure may have enabled the rat to keep track of its orientation once it had viewed the curtain during the initial standard trials. Overall, the maintenance of the cell's preferred direction and the similarities in arm choices following removal of the curtain provide additional support for the correlation between these two variables.
Secondary Correlates ofHD Cells on the Radial Arm Maze
A number of previous studies have provided evidence showing that hippocampal place cells can contain additional, nonspatial neuronal correlates. These variables have not been explicitly assessed in HD cells, particularly in more demanding spatial tasks than the food-pellet retrieval task. To address this issue, we examined the videotape recordings of the maze standard trials immediately preceding the initial 90° curtain rotations (in which all of the rats reliably selected the reinforced arm) for any evidence of goal-approach or reward-consumption correlates in HD cell activity. In 3 out of 8 rats, no evidence of increased or decreased HD cell activity was observed as the rat traveled down the reinforced arm or consumed the water reward at the end of the arm. In 3 other rats, little or no HD cell activity was observed on the reinforced arm, except when the rat turned 180° to return to the maze center. In these cases, HD cell activity was brief and appeared to be associated with the movement of the rat's head through the cell's preferred direction following the consumption of the reward. Finally, in the remaining 2 rats, moderate to high levels of firing were observed as the rat traversed the reinforced arm and consumed the water at the arm's end. Although this activity may reflect goal-approach or reward-consumption correlates of individual HD cells, in both instances the preferred direction of the HD cells was similar to the orientation of the reinforced arms (see Table 1 , Subjects G43 and PI 6). Figure 11 provides an illustration of HD cell discharge in two different rats during six trials on the radial arm maze. In the first example (see Figure 11 A), little cell activity was observed as the rat entered the correct maze arm (dashed vertical line) or arrived at the water reinforcement cup (filled arrows) during each of the six trials. A cumulative histogram of the total spikes for these trials reveals little activity unique to maze arm entry or approach to the water reinforcement. In contrast. Figure 1 IB shows the activity of a HD cell (Subject G43) in which the preferred direction is similar to the direction of the correct maze arm. The rastergrams show that the HD cell fired as the rat entered the reinforced arm and continued to tire as the rat reached the water reinforcement. The apparent increase in spike discharge preceding the rat's entry into this arm, evident in the cumulative histogram at the bottom, is presumably due to the passage of the rat's head through the HD cell's preferred direction just as the rat turned to enter the arm, Taken together, these observations do not provide support for the notion that HD cells contain goal-approach or reward-consumption correlates when as- Figure 11 . Two examples of head direction (HD) cell activity during individual maze trials. In both plots, the activity of a single HD cell is shown (in rastergram form) on six trials in which the rat entered and ran to the end of the reinforced arm. The cumulative number of spikes for these six trials is shown in the histogram below each set of rastergrams. The rat's entry to the arm is marked by a solid vertical line extending through the rastergrams to the histogram. The rat's arrival at the water cup is signified by a black arrow beneath each rastergram. A; HD cell for which preferred orientation is different from the direction of the reinforced arm. The rastergrams and histogram of this cell show that there was little cell discharge on the reinforced arm. B: HD cell for which preferred orientation was similar to that of the reinforced arm. This cell fired as the rat entered the reinforced arm (presumably as the rat turned through the HD cell's preferred direction) and continued to discharge as the rat ran down the arm and arrived at the water cup. Both HD cells were recorded in the anterior thalamic nucleus.
sessed in a spatial reference memory task. However, these results do not preclude the possibility that such correlates may be present when HD cells are assessed in nonspatial tasks.
Discussion
The primary finding of this study is that the stimulus control exerted by a salient visual cue hi a spatial reference memory task is reflected in both an animal's behavioral response and the activity of HD cells during task performance. The present results also provide evidence that the activity of HD cells is not specifically influenced by reward location, task contingencies, or acquisition of a spatial reference memory task. Overall, the relationship between HD cell activity and the spatial response shown by the rat is consistent with the notion that a spatial representation of the environment is involved in the rats' performance of a spatial task.
The agreement between the curtain's control over the HD cell's preferred direction and the rat's spatial behavior provides a necessary first step in demonstrating that these cells contribute to a neural system that guides spatial behavior. Although animals may learn to use information encoded by HD cells to guide their behavior, the HD cell system and the system(s) involved in guiding the animal's behavior are presumably independent, because the animal's behavior and its spatial perceptions are uncoupled at the start of the task (recall that the animal's arm choices are usually incorrect during the first few days of acquisition although HD cells exhibit normal discharge characteristics during this time). However, we propose that, over the course of acquisition, the system(s) responsible for guiding the animal's behavior come to rely on information encoded in the HD and place cell systems (see discussion below). Although it may be expected that the cell's preferred direction and the animal's behavior would shift following cue rotation, the demonstration of this result is necessary because both the HD cells and the animals have the potential to use other cues within the recording room. In particular, the observations that an HD cell maintained its preferred direction in the absence of the curtain, and on one occasion did not shift during incorrect trials (see Figure 9 ), indicate that the stimulus control by the cue curtain was not absolute and that additional, static background cues may also be available to the animal. However, even in these two instances when the HD cell's preferred firing direction was apparently independent of the cue curtain, the rat's behavior and the HD cell's preferred firing direction were correlated. This result has also been observed with place cell firing fields (see O'Keefe & Speakman, 1987) . The correlation between the rat's spatial responses and the HD cell's preferred orientation thus provides empirical support for the assumption that these cells are important for spatial abilities.
The degree to which the rats relied on the cue curtain to guide their maze arm selection may be surprising given the findings of Margules and Gallistel (1988) . In their study, rats were unable to use distinctive intramaze cues (differently colored and textured corner panels in a rectangular apparatus) to guide their search for a hidden reinforcement when extramaze cues were unavailable and the rats were disoriented. Instead, the rats appeared to use the shape of the apparatus as an orientation cue to determine where they searched. This reliance on geometrical cues has also recently been demonstrated in human infants (Hermer & Spelke, 1994) . Rats in the Margules and Gallistel study, however, were able to use extramaze cues surrounding the rectangular apparatus to find a reward when these cues were available. In the present study, the rats' ability to use the white curtain as an orientation cue to successfully guide its maze arm choice may be reconciled with the results of Margules and Gallistel (1988) in the following ways: (a) The radial symmetry of the maze and surrounding black curtain may minimize geometrical cues and highlight alternative salient cues, such as the white curtain; (b) the white curtain itself may be viewed as a distal, extramaze cue by the rat; and (c) repeated exposures to the radial arm maze environment with the white curtain as the most salient cue may allow the rat to learn the use of this cue as a stable landmark for orientation.
Reward as a Cue: Behavior and HD Cell Activity
The shift in behavioral response (maze arm choice) following rotation of the cue curtain supports the notion that the rats are using this cue to guide their behavior. Although it could be argued that the observed shifts in an animal's arm-choices merely reflect the animal's detection of a shift in the location of the reward (independent of any reliance on the cue curtain), the findings on the probe trials, in which the previously correct and rotationally correct arm were both baited following the rotation of the cue curtain, provide evidence against this possibility. On these trials, no animal selected the previously correct arm over the rotationally correct arm. Thus, it did not appear that any detectable sensory aspects of reinforcement alone guided the animals' arm selections following rotation of the cue curtain.
A previous study has suggested that the firing fields of place cells may be sensitive to the location of reward (Breese et al., 1989) . In contrast, our results provide evidence showing that the preferred directions of HD cells are not influenced by reward location. First, the preferred directions of HD cells monitored in the cylindrical apparatus (where food pellet reward was randomly distributed) exhibited an orientation that was similar to that observed on the radial arm maze (where reward was present in only one specific location). Second, the results from the rat in which the activity of an HD cell on correct and incorrect trials was examined are inconsistent with the notion that HD cells are responding to reward (see Figure 9 ). In this rat, the HD cell's preferred direction appeared to maintain a similar orientation in both the standard condition and during the incorrect trials following a 90° curtain rotation, even though the rat received no reinforcement on the incorrect trials. Similarly, in the 180° curtain rotation trials, me cell's preferred direction remained in a similar position on the correct and incorrect trials, although the reward was available only during the correct trials. Third, in the rat trained on a second reinforced maze arm in a new position relative to the cue curtain, the HD cell's preferred direction remained unchanged (see Figure 8) . Thus, although Breese et al. suggested that place cells may be responsive to the location of reward, our finding that HD cells did not respond directly to reward correlates is more comparable with the lack of reward sensitivity exhibited by place cells in the Speakman and O'Keefe (1990) study.
The HD cells examined in the spatial task used in this study also did not exhibit any goal-approach or rewardconsumption correlates, as has been reported for hippocampal place cells (e.g., Eichenbaum, Kuperstein, Pagan, & Nagode, 1987; Ranck, 1973) . However, the primary aim of the present study was not to determine whether HD cells display secondary correlates, but rather to test whether an animal's spatial behavior could be predicted by knowing the HD cell's preferred firing directions. Thus, the present results with respect to secondary correlates of HD cells are limited to the specific spatial task used here and may not apply to tasks thai assess different behaviors. For example, the present results do not preclude the possibility that HD cells, like place cells (Wiener et al., 1989) , may contain nonspatial correlates when monitored in more complex nonspatial paradigms. The most definitive demonstration of a difference between place and HD cells with respect to their containing additional nonspatial correlates will require simultaneous recording of both cell types in a task that explicitly involves nonspatial behavioral contingencies. Such an experiment would also permit the examination of any differences between these cell types with respect to their responses to shifts in reward location.
Changes in HD Cell Activity With Acquisition
In a recent study, Mizumori and Williams (1993) reported that the activity of HD cells in the lateral dorsal thalamus was correlated with the acquisition of a working-memory maze task. Their results (see the introduction) appear to indicate that the directional specificity of a lateral dorsal thalamic HD cell increases as the animal's performance on the maze improves. In the present study, however, there was little evidence to suggest that HD cells increased their degree of "directionality" as the rats acquired the reference memory task. Some changes were observed in HD cell discharge parameters as the rats learned the task, but these changes were not consistent or systematic across all cases and were also observed in the food-pellet retrieval task in the cylinder. Indeed, it is interesting to note that the directional firing properties of the HD cells in the cylinder were similar to their firing properties on the radial arm maze, despite the differences in task requirements. These findings suggest that any differences in HD cell activity observed across training, because they were observed in both the cylinder and the radial arm maze, were more likely attributable to changes in cell isolation across sessions. To reconcile our findings with those of Mizumori and Williams, we hypothesize that the type of task (working vs. reference memory) or the specific brain areas in which HD cells are identified (ATN and PoS vs. lateral dorsal thalamus) may be important factors for the observed changes in HD cell discharge parameters during acquisition.
Role ofHD Cells in Spatial Behavior
Our findings, along with those of Speakman and O'Keefe (1990) , indicate that the coding of reward location is independent of the environmental representation provided by HD and place cells. Furthermore, both of these findings suggest that as the animal acquires the spatial association between the position of a goal and cues in its environment, it begins to rely on the orientation information provided by HD and place cells to guide its behavior. Specifically, the animal may use two types of information to locate a reward: (a) the location of a reward relative to a set of cues in the environment and (b) the position and direction of the animal relative to the same set or subset of those cues. We propose that this second type of information, presumably provided by the activity of HD and place cells, will remain comparatively unchanged as the animal acquires the first type of association (reward-relative cues). However, disruption of the HD or place cell information (through lesions or disorientation of the animal) would nonetheless be expected to interfere with an animal's performance in a task dependent on the utilization of spatial information (as has been reported by Mizumori, Miya, & Ward, 1994) , as both types of spatial information are necessary to locate a spatially defined goal.
The prominent correlation observed in this study between the shift in the HD cell's preferred direction and the shift in the animal's maze arm choices provides empirical support for the hypothesis that HD cells contribute to a representation of the animal's orientation within its environment, which can then be used to guide its spatial behavior. We propose that what the animal is learning when performing the reference memory task is to form an association between the representation of its orientation and the representation of where the reward is located in relation to the environmental cues. Thus, the animal learns to use information about its current spatial orientation when it is placed on the maze to guide its behavioral response for maze arm selection. Several observations are consistent with this hypothesis. First, results from place cell studies (e.g., O' Keefe & Speakman, 1987) showed that firing fields predicted the animal's maze arm selection in the absence of controlled cues. Similarly, our recordings in the absence of the cue curtain revealed that both the HD cell's preferred direction and the animal's behavioral response remained coupled. Second, even when the HD cell's preferred direction was apparently independent of the cue curtain (see Figure 9) , the animal's behavior and the HD cell's preferred direction remained in register with one another. Third, Mizumori and Williams (1993) found that when the HD cell's preferred direction was stable (i.e., when the animal was introduced to the maze environment in the light as opposed to the dark), maze performance was more accurate. Fourth, experiments in our laboratory have shown that a salient landmark can gain control over an HD cell's preferred direction within minutes of exposure to the cue (unpublished observations). This observation suggests that animals probably establish a stable perception of their spatial orientation within the curtained environment very quickly, even though they perform poorly during the initial phases of behavioral training. Finally, lesions of brain areas in which HD cells have been identified have led to impairments in the acquisition of spatial tasks (Sutherland & Rodriquez, 1989; Taube et al., 1992) . Taken together, these data provide support for the notion that HD cells and place cells provide a representation of the environment that the animal begins to rely on to guide its behavior when learning a spatial reference memory task.
